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Optical emissions in a sonoluminescing bubble
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We study how the mechanism of spontaneous decay of afommaoleculey in a sonoluminescing bubble
(SLB) can be affected by the high density and high temperature environment resulting from the rapid collapse
of the gas bubble immediately prior to light emission. We present a detailed study of the density of states of
photons in multiple-layered spheres, which mimic various stages of a SLB. In particular, we found that the
spontaneous decay rate could be strongly enhanced in the presence of a thin plasma shell inside the bubble,
which was predicted recently in numerical hydrodynamic simulations of a SLB.

PACS numbse(s): 78.60.Mq, 42.50.Ct, 42.50.p, 47.55.Dz

[. INTRODUCTION simulations[9-13]. Various models based on shock wave
related mechanisms have been proposed to explain SL
SonoluminescencéSL) is the phenomenon by which a [9-15. For example, recent numerical simulations showed
gas bubble in watefor other liquid$g is driven to oscillate that a thin plasma shell is likely to develop during the for-
and glow by external acoustic waves. This phenomenon hasation of shock wave§l5]. However, it is also generally
been known for over half a centuf{,2]; however, there has believed that regions of high density and high temperature
been a revival of interest in the subject since direct experiexist during the collapsing phase of a sonoluminescing
mental observations of stable single bubble sonoluminessubble(SLB), even in the absence of shock wayg,13.
cence(SBSL) became possible in the early 199@s-7]. The A natural attempt to account for the SL flash is based on
conversion of sound into light energy in SL represents elackbody radiation. By matching the spectra obtained in
10'*2fold concentration of energh2], which bears obvious experiments with the theoretical spectrum of a blackbodly,
implications on possible technological applications in chem+the temperatures of the glowing gas are estimated to be of
istry and materials scien¢8]. Many remarkable and intrigu- the order 16-1¢° K [2,20]. Such a high temperature could
ing physical phenomenér model$ related to SBSL have be achievable when a SLB collapses to its minimum size
been proposed, such as shock wave formdt@+l5, recti- [12,13. In fact, a SL model incorporating the blackbody
fying diffusion [16], nuclear fusior{10,11], and proton tun- radiation emission mechanism and photon-absorption pro-
neling[17]. cess was recently proposed, and it nicely reproduced the ob-
In a SL experimenft2,5,18—-26, a gas bubble is trapped at served parameter dependences of the pulse width and the
the antinode of a standing ultrasound wave of frequencgpectrum of the light pulsd28].
around 25 kHz in a partially degassed liquid, typically water. However, it usually takes several nanoseconds for excited
Under a proper driving pressure, ranging from 1.15 to 1.5atoms(or moleculey to decay via the spontaneous emission
atm, the bubble grows to a maximum size of aboutth  of radiation. The lifetime is too long compared with the ob-
in radius, and then collapses rapidly to a minimum size ofserved SL pulse widths. Hence other, more sophisticated,
about 0.5 um in radius, at which a flash of light with an deexcitation processes, such as radiative recombination, ra-
intensity of the order 1-10 mW(a total energy of diative electronic transitions, radiative rotational or vibra-
10°—1 eV) could be observef?]. The pulse width of the tional transitions, bremsstrahlung, or even collision-induced
flash measured ranges from 40 to 350[p3]. This is even emission, have been invok¢d9]. Electron-ion bremsstrah-
shorter than the typical time scale of the spontaneous decdyng is probably the most promising among these mecha-
of atoms(or moleculegin free space, and is one of the most nisms, yet it is still far from definitivg29]. On the other
salient features of SBSL. The spectrum observed resembldmnd, there have been several studies that relate SL to the
that of black-body radiations. It is continuous and does nogeneration of photons by the motion of the bubble wall sepa-
exhibit any line(or band structure, regardless of the types of rating the two phasegvater and gasin a SLB[30]. How-
gas used in the experimenig,20]. It also shows a near- ever, the power derived from this model is much smaller
exponential falloff with increasing wavelengttte 800 nm,  than the experimentally observed values in[3L
and a broad maximum at short wavelengths. In order to understand the emission mechanism of SBSL,
The time dependence of the bubble radius has been meare propose to study how the mechanism of optical emission
sured using light scattering techniques with a resolution otould be affected by the unusual environment developed in a
less than 10 n$5,18,19,2%. For a bubble initially doped SLB. There are several important physical factors that are
with 1% of argon, it was observed that at about 10 ns beforevorthy of remark. First, the minimum size of a SLB is com-
the bubble attained its minimum radius and prior to the emisparable with optical wavelengths. However, in most of the
sion of the flash, the bubble collapsed with a speed moreadiative processes considered previously, the finite-size ef-
than four times the ambient speed of sound in the[@&s  fect of the bubble was neglected. In other words, the theory
As a consequence of the rapid collapse, shock waves mayf radiative processes in extended space was used to discuss
develop inside the bubble, as predicted in some numericaiptical emission in a micrometer-sized SLB. It is not obvious
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that this effect is negligible. Second, regions of extremelythen used in Sec. VI to calculate the EM fields in a multilay-
high densities and high temperatures are formed inside ared SL bubble. Results from numerical hydrodynamic simu-
SLB during its collapsing phase. Thus the bubble is highlylations[12,13 suggest that two scenarios, the emergence of
inhomogeneous, and light waves generated from its interiogompressional waves and shock waves, are of particular in-
would be scattered. Third, as mentioned above, a plasmi&rest. In Sec. VII, we present results showing that the exis-
shell could possibly develop inside a S[B5], and the emis- tence of a thin plasma shell, as induced perhaps by a shock
sion and propagation of electromagnetic waves could b&ave[15], gives rise to a large enhancement in the EM fields
strongly influenced by this plasma shell. In particular, the@Nd hence the spontaneous transition rates, which might play
degree of ionization of the plasma and its plasma frequenc§ crucial role in the phenomenon of SL. We summarize our
are crucial factors determining the properties of the systemMain results and their implications in Sec. VIil.

In this paper we investigate the influences of the above-
mentioned factors on the process of spontaneous emission. It Il. NORMAL MODES OF EM FIELDS
is unlikely that spontaneous emission alone can explain all IN SPHERICAL GEOMETRY

physical observations in SL, yet it serves as a simple model - cqnsjger the EM field inside a dielectric sphere charac-
to illustrate the interplay between the radiative processes ang i>aq by the dielectric constaatr)=n?(r). Hereafter we

the unusual environment existing in a SLB. It is well known shall assume that(r) is spherically symmetric, and hence it

that when an atomic system is placed in a small cavity, th@jenends on the radiusonly. The fields satisfy the Maxwell
decay rate of the system will be modifi¢éenhanced or in- equationg 35]

hibited owing to the changes in the density of states of

photons, which is a measure of the spontaneous decay rate V-[e(r)E]=0, (2.2
according to the Fermi golden rulg31-33. Physically

speaking, whereas the fields are uniform in an extended free V-B=0, (2.2
space, the presence of the cavity redistributes the strengths of

the fields, so that they are stronger at some points and 1B

weaker at others. Therefore, atoms at different locations may VXE=-——, 2.3
experience enhancement or inhibition in their spontaneous

emission rates. For example, enhanced transition rates have e(r) 9E

been observed and reported for atoms in micrometer-sized VXB= — — (2.9

dielectric sphere§34], which are of about the same size as

the SL bubbles. wherec is the speed of light in vacuum, and we also assume

As a direct consequence of the rapid compression in &, : P : o
) S > at the magnetic susceptibiligy(r) is equal to 1, as it is for
SLB, the gas density and the refractive index inside thqnost nonmggnetic mateprials w(r) q

bubble are strongly inhomogeneous. Hence it is likely that :

the electromagnetic fields would be distorted, leading to nonfeslbeetctt?\? e\l;ecltrc]) rtﬁgdasbciﬁigoct)?r#?fgg’rgés r;drfg({]’r%’er the
trivial effects on the process of spontaneous emission. In thiéeneralized .Coulomb gauge condition

paper, we will present a detailed study of the density of state '

of photons in spheres with multiple layers of different refrac- V-[e(r)A(r,t)]=0. (2.5
tive indices, mimicking various stages of a SLB. In particu-

lar, we show that the decay rate could be strongly enhancethen it can be shown thai(r,t) satisfies the vector wave
in the presence of a thin weakly ionized plasma shell insidequation

the bubble, the existence of which was predicted recently in

numerical simulations of a SLB as a result of shock forma- e(r) 9°A

tion [15]. The time scale of shock-wave formation is of tens VX(VXA)+— —=0, (2.6
of picoseconds, which is comparable to the duration of light ¢ ot

pulses observed in SL. Thus our discovery suggests that tha%d #(r,t)=0. Hence the electric and magnetic fields are
morphology of the plasma shell, as well as its composition ’

might be an important ingredient of the light-emitting given by
mechanism in SL. 1 9A(r 1)
The organization of this paper is as follows. In Secs. Il E(r,t)=—— 2.7

and IIl, we present the theory of normal mode expansion and c a

guantization of the electromagnetiEM) fields in a dielec-

tric sphere embedded in another dielectric medium. In Sec.

IV we then discuss the interactions between the EM fields B(r,t)=V XA(r,t), (2.9
and an atom inside the sphere. We calculate the decay rates

of this system with the golden rule approximation, and showespectively.

that they are proportional to the density of photon states. To look for normal mode solutions to E(R.5), we fur-
Generalization to multilayered spheres is carried out in Seaher assume that

V. We present a systematic and detailed study of the EM

fields in a multilayered spherical cavity, and discuss the de- A(r,t)=Q(t)K(r), (2.9
pendence of these fields on various parameters characterizing

the system. The tools we developed in previous sections ar@nd we thus obtain the equations
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VX[VXA(r)]— e(r)k?A(r)=0, (2.10

o2
Q(t) + 02Q(t)=0,

(2.10)

wherek=w/c.

The vector potential(r,t) can then be expanded in terms
of the transverse-electr{@E) and transverse-magnetitM)
spherical vector wave components,

A(r,t>=§n [ UL + gl udi(n,
(2.12

whereu{5) (r) andu{}(r) are the TE and TM solutions to
Eq. (2.10, respectively, given by

Ufn(r) =B (KN Xim( 6, ), (2.13
uiim(r) = (r)kvx[f(M)(kr)xm(@ ¢ (219
for m=0, and
UL () = Ui (), (2.19
wherex =E(M) for the TE(TM) case, and
Xin(6,)= Y Im(6.0) 5 g

VI +1)

are the vector spherical harmonics. From E2.10, it is
readily shown that the scalar functiop™(r)=rf(kr)
satisfies the equation

de™(r)
[p(r)—‘pI (

d
wherep(r)=1(e(r) 1) for the TE(TM) case.

Consider a dielectric sphere of radias and dielectric
constante; =nZ, embedded in an ambient medium with di-
electric constams2=n§ as an example. It is readily shown
from Eq.(2.17 that

d
dr

I(1+1)
2

}@f”(r)=0,
(2.1

+p(r )[ e(r)k?=

fEkr) =aPh®(n.kr)+ 8PN (nkr), r<ay,
(2.18
fP(kn = afPhD(nkn) + PN k), r>ay,
(2.19
M (kr) = a™hM(n.kn) + MNP (nikr), r<ay,
(2.20
fM(kr)=ahM(nkr)+ BMWh(B(nokr), r>ay,
(2.21)

wherea™ and g™ (j=1,2) are constants to be determined

from the boundary conditions.
Matching appropriate boundary conditionsrata,, we
find that

T. W. CHEN, P. T. LEUNG, AND M.-C. CHU

PRE 62

af) = OhP(nyxe),hP(nx,)]a®
+WEhP(nxy),hP(nx) 1885}, (2.22
. 2
in,X

BE = — —HWE[hM(n;x1),h D (nxp) ]a®
+WE P (nix),hV(nx) 185}, (223
II"IX

a(zM) 2 l{W(M)[h(l)(nlxl) h( )(nle)] M)
+WEITh(P(n1xp),h{P(nxy) 18}, (2.24

(M) '”32 (M) (1) (1) (M)

2 = {W [hi™(ngxy),hi~(nyxy) ey
vv(““[h‘z’(nlxl) hM(nx)18M), (229

wherex;=ka;. In the above equations, we define the Wron-
skians as

WE(f,g)=fg'—f'g, (2.26
f 1\ f
<M>(fg)_1__9+(___2>_9, (229
n2 n1 n2 nl X
with " =d/dx,.

The regularity of the solution at the origin leads to the
following relation:

1

a(l}‘)Z,B(l)‘) =3 y()‘). (2.28
It is also easy to verify that
|8V =88V, (2.29

which is consistent with the law of energy conservation.

In order to define the normal modes of this system, which
are essential for the formulation of a quantized field theory, a
perfectly conducting spherical shell is placed at a large dis-
tancer =R. Eventually, we shall take the limR—o. The
allowed values ok (w) are hence discretized by the im-
posed boundary conditions, which require that both the trans-
verse component of the electric field and the longitudinal
component of the magnetic field vanish on the surface of the
metal sphere, i.e.,

E|(R)=0, (2.30
B, (R)=0. (2.3
This is equivalent to imposing the conditions
fE(R)=0, (2.32
d
g7 (rf™)lr=0. (2.33
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Upon imposing these boundary conditionsratR, the Il. QUANTIZATION OF EM FIELDS
eigenfrequencies of the EM field normal modes can be IN SPHERICAL GEOMETRY

found. For example, in the TE case, The quantization of the EM fields in a spherically sym-

metric system begins with the normal mode expansion of

1\ mc
wae=Kyeo=| v 5| p an —5e(l,v), (234 A [36],
- \)
where »=0,1,2 ... is theradial quantum number, and AlrY V%x ot (1) Ui (T, @D
Se(l,v) is a phase angle of order unity. Therefore, the fre-
guencies are spaced by whereu(r) are the mode functions of a general system and
the g's are the generalized coordinates of the fields, which
satisfy Eq.(2.11). Note that
Aw= . R+O(R 2). (2.35
2 qvl,m)\(t)zqtl,fm)\(t)a (3-2)
With this expansion, the general solution of the vectorfollowing directly from the reality ofA(r,t).
potential can be written as The Lagrangian of the system, defined by
1 (R
ALY =2 AT (Kier) Xin( 0, 4) L=5, fo [e(r)E?=B]dr, (33
vim
assumes the form
+2 - —q%%(t)v><[ffM><kV|Mr>xlm<0,¢>].
’ 1 - * 2 *
(2.36 L= 2 %}\ [Autmn (D A (1) = @5 i (D Ay ()]
(3.9

The electric and magnetic fields can be expanded similarly as
by the orthogonality ofu(y),‘r%(r). Therefore, the conjugate

1 . .
B0 =2 2 | GO (ken) Xin(0, ) momentum Om s given by
|

vim
i Pumn ()= ———=q}im (V). (35
* g Qam(O VXL (kD) Xin(6,6)] P
(237 As in Eq. (3.2), the conjugate momenta obey the relation
and pvlm)\(t):ptl,fm}\(t)- (36)
In terms of these generalized coordinates and momenta, the
B(r,t)=>, {qR ) VX[ B (Kyer)Xim(0,6)] Hamiltonian of the system can be expressed as
vim v v '
Fikum RO M) Xim(6,6)}- H= > Puimbum ~ L, (3.7
(2.38
— 2
Furthermore %™ and «§™) can be deduced from the or- =5 V%K [P tma Py + @5 dutma oima ] (3.8

thonormal relation

The generalized coordinates,,, can be expressed as a
sum of two independent solutions

e(r) U (=) () dr= 5,81 Sy San »

47rc? .
(2.39 Quima (D)= ‘/—2w el -m(O+am®l. @9
and the asymptotic forms of the Hankel functions, yleldmngHOWing directly from the squation of mofiof2.10, with
the results
a, (t)=a,, (O)efiwul)\t (31@
(B)|2 (B))2 2mn,c’k? ImA Imn
| |* =185 T R (2.40 and
* t)= * 0 iwv|)\t' 31
(M)2_ | g(M)|2_ 2mn5e?k? am () =a,m\(0)e (3.1
s TR 243 Similarly, the conjugate momenta are given by
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and no photon. The& function in Eq.(4.3) is the result of
[afm(t)—a, —m(1)]. (3.12  Fermi's golden rule, which states that all significant transi-
tions conserve energy.
We define two matrice®;; andE;; by

V|)\

pvlm)\(t) =i

To quantize the EM field of the system, we impose the
following commutation relations on the generalized coordi-
nates and their conjugate mome : A -

9 (%) Py = (alpilu)alpylu)*, (4.4

[avlm)\ !av’l’m')\’]:[ﬁvlm)\ 1ﬁv’|’m’)\’]zov (313)

1
[avlm)\ vﬁv’l'm’)\’]:ihﬁvv"sll’5mm’ 5)\)\’ . (314) EII 477ﬁ(,) 2 e' Se] 55(0)5 a)o) (45)

From the definitions of tha@’s anda'’s, their commutation

relations follow immediately: wheree, ¢ represents théth component of s|E|0), and the

subscriptd andj can ber, 6, or ¢». Hence
[aulm)\(t) /|f ,)\,(t)] 5vv 5II’5mm’5)\)\’ (3-13

- N - ~ 8772
[@u1ma (88,717 (D]=[ @1 (8,851 1=0. W= Py (4.6
(3.16 ]

Note that thec numbersq’s, p’s, a’'s, and a*’s are now . . . .

ted t tofs. B's. &' 4a’ tively. A While P;; depends on the detai(strengths and orientations
promoted to Qﬁera Of%S, p's,asanda’s .re_spgc VElY-AS  of the emitting atomE;; is a measure of the fluctuations of
usual,as andas (s={»Im\}) are the annihilation and cre- the vacuum electric field, which can be strongly affected by
ation operators of photons in tremode, respectively. In the dielectric medium. The main objective of the present
terms of these operators, the vector potential becomes a fiefghper is to study hovE;;, and hence the transition rate
operator and can be written as can be modified due to the unusual environm@mgh pres-

sure and high temperatyrencountered in a SLB.

" 1 - Explicit expressions oE;; can be obtained from simple
- \) i
A(r,t)—V%A m[a"'m%(t)uvlm(r) algebra using the facts thati,;=X %, .=, and in theR
! —oo limit, 2 ,— (R/7c) fdws. Using the results obtained in
+al  (Oud*(n)]. (3.17)  Secs. Il and lll, we can show thé for r<a,
IV. FIELD-ATOM INTERACTION R M2} (- Kal )2
Err 2 |2(|+1)2(2|+1)|7 | Jl( 170 O)

For the purpose of illustration and simplicity, we first con- 16m3chwg 4k0r0
sider a two-level atom situated 8§ in a dielectric sphere of 4.7
radiusa,; and dielectric constan&lznf surrounded by an-
other uniform medium of dielectric constaep=n3. The

Hamiltonian of the system i§36] E,,— R E 1(1+1) (2] +1){ /O] (nykor o)’

1 32m3chwy
H=-fwyo,+ hodala+H,,, 4.1
27700 z seTe (@ |Y™I2[  dji(nikor) . 2
i fo—4r +ji(nikoro) | ¢,
whereao, is the Pauli matrixwo=Kkqc is the frequency dif- 0r0 r=ro
ference between the two atomic levels, and (4.9
Hin=—p-E(ro), (4.2
with p being the electric dipole operator of the atom.
The transition ratew can be calculated using Fermi’s o
>
golden rule, which is valid if the interactions are sufficiently and(ii) for r>a,
weak,
2m . Er=——7— > 121+ 1?21 +1)
=7 2 [gslfin|u0)?a(@s—wo), (43 " 16mchiwg T
S

| a8 D(nokor o) + BV h{P (nokor o) |2
where|gs) represents the state in which the atom is in the X 4.2.2
lower energy level, and one photon is in magievhile |u0) N2Kolo
represents the state with the atom excited to its upper level (4.10
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Epo=

w
X { | a(zE)hfl)( NoKoro) + ,8(2E)h|(2)(n2k0r0)|2

1

d

(M) (1)

a’ '’ h ™ (noker
ngk%l’% [2 |(20)

I’Oa

+ B(zM)hl(z)(nzkor)]r:r0+ a"h{P(nokor o)

]

Egss=Epo:

+ BN 3)(nykor o) (4.1

(4.12

and(iii) E;;=0 fori#j. Note that in the above equatioksg
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1.6

14 |

0.6 - '
20 30 40
ka,

0 10

FIG. 1. Normalized emission rate of a dipole inside a gas bubble
embedded in water, vs the transition frequency. The solid line
shows the enhancement experienced by a dipole placed near the
boundary of the bubble, at,=0.9,, wherery, and a, are the

consists of two independent contributions from the TE andlistance of the dipole from the center and the radius of the bubble,

TM modes.

respectively. The dotted line shows that of a dipole placed near the

The spontaneous emission rate of a dipole is most genegenter, atro=0.1a,. No significant enhancement is observed in

ally given by Eq.(4.6). For example, if the dipole is in the
radial direction, then

2
47w

- (4.13

w= P.E;.

both cases.

n, is less tham,, the enhancement is never prominent for all
frequencies, regardless of the location and the direction of
the dipole.

However, the results are somewhat different when we

It is convenient for us to normalize the emission rate byconsider the opposite case, whexreis greater tham, e.g.,

that in the extended vacuum, which is given by

4p2wg

_—3ﬁc3 , (4.19

anc

where p=(Z;P;)¥? is the electric dipole strength. Hence,
using Eq.(4.6), the normalized emission rave,=w/w, . iS

6m2ce
wWp=—7>—E.
)

(4.195

a water droplet in vacuum or air. It is well known that light
waves propagating in a dense medium will be totally re-
flected at the interface between two media. Hence light
waves will be trapped inside the sphere of higher refractive
index (n, in the present situationand form metastable
states, called morpholgy-dependent resonan@dBR’s)
[37], at appropriate frequencies. These MDR’s can strongly
alter the vacuum fluctuations of EM fields, and hence intro-
duce nontrivial effects on a radiating atom inside the sphere
[32-34. In order to have a glimpse of the effects of these
MDR'’s on the transition rates, in what follows we study a
simple case witm;=1.33 andn,=1.00. In Fig. 2, the ra-

Similar expressions can be obtained for dipoles tangential to

the surface of the sphere, namely,

6m2ce
W,=

(4.19

2 tt s
)

whereEy=(Egy+E;4)/2=Egy=Eq.

Figure 1 shows the transition rates as a functiowgfor
a randomly oriented radiating dipole situatedrgfr,;=0.1
and 0.9 of a uniform bubbleng=1) surrounded by water
(n,=1.33). We note that the transition rates, given by

2m2ct
Wn:—z(Err +Egpt E¢(f))!
)

(4.17)

20
15
x 10
5 L
eeTN) VMAJM
0 . . .
0 10 20 30 40
ka,

FIG. 2. Normalized emission rate for a dipole near the surface

are nonuniform and fluctuate slightly around unity. A smallof a water droplet in air(,/a;=0.9). Sharp enhancement due to
enhancement can be observed for some particular frequeMDR’s are observed, but a spectral averaging reduces the enhance-
cies, while, for others, the transition rate is inhibited. Never-ment to the order of 1. The horizontal line shows the spectral av-
theless, we expect that for such an air bubble in water, whererage.
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80

weak for ka<10. As mentioned previously, the size of a
SLB is also of the order of several micrometers, we therefore
expect that the formation of MDR’s could be of relevance to
the emission mechanism of a SLB. However, as total internal
reflection is an essential means to confine light waves inside
the system, it seems unlikely that MDR’s, especially those
with small leakage rates and hence a strong enhancing effect,
could be formed in a uniform bubble{~1) surrounded by
water (h,~1.33). It is only the extreme physical conditions
generated in the collapsing phase of a SLB that give rise to
MDR'’s yielding strong enhancement. We shall discuss this
issue in Sec. V.

—-—-- TE, ka=38.896, /=46
— TM, ka=38.525, I=45

V. GENERALIZATION TO LAYERED SPHERES

FIG. 3. Spatial dependence of the normalized emission rate fora Many theoretical and numerical studies on SL strongly
TE mode ka;=38.896l=46) and a TM mode Ka;=38.525|  suggest that in the drastic collapsing phase of a SLB, the
=45), at resonance frequency. The enhancement is peaked at thensity of air in a thin layer of the bubble could be as high as
boundary of the sphere, due to the localization of photons trappedooQ times that under standard conditida®—14,38, i.e.,
by total internal reflection. The enhancement of the TE mode is;;110st the same as the density of water. Some of these stud-
continuous across the boundary, while that of the TM mode is nOties even confirm the emergence of shock wads-14,38
This is due to the discontinuity in the normal component of the i yery thin but dense shock fronts. More importantly, the
electric field of TM modes across the boundary. gas moleculesatomg become potential light emitters under
such high temperature. Moreover, under these conditions, a
fraction of the moleculegatoms inside may be ionized and
a thin plasma shell could be form¢tl1,14,153. The differ-
ST : Ence in density and the formation of a thin plasma shell
others, which is similar to the results for an air bubble. HOW'could both contribute to the spatial variance of the dielectric

ever, there are also many sharp splkes. in Fig. 2 indicatin onstant of the bubble. In order to study the emission mecha-
strong enhancement at certain frequencies. Physically speak-

. h f : d to eigent ) ]gsm in a SLB with a spatially varying dielectric constant,
Ing, , ese lrequencies correspond o €igenirequencies Qe cqnsider, for simplicity, the spontaneous decay rates of
MDR'’s, whose lifetimes are inversely proportional to the

: : : A molecules(atomg in a multilayered sphere. We also note
widths of the respective spikes. As shown in Fig. 3, the €Nthat despite its high velocity, this shell can be considered
interf oy d for dinoles located th Static when compared with an optical time scale, and hence
interface, and is suppressed for dipoles located near the cegy,. .o del is applicable.

ter. This can be understood as follows. Total internal reflec- The mathematics used to handle a multilayered sphere is
tion can take place only when the incident angle exceeds thg ijar 1o that presented in Sec. IV, and a transfer matrix

critical angle, and hence photo(vsr “ghF waves reflecteq formalism will be developed to handle the reflections and
from the interface are confined to a region close to the inter;

. . ransmissions of waves at the interfagesa;,a,, ... (@
face. As a result, the fields there will be stronger than thaE <..) 12 @
. 2 ).
near_the center. We also note that the transition rate ,asf a, the jth layer =1,2, . . .) themode functions for the
function of radius at the resonance frequencies of MDR’s IS0 polarizations are given b
discontinuous across the interface for the TM modes, reflect- y

diation rate for a dipole near the surface,{a;=0.9) is
plotted againska. We find that the transition rate is mildly
enhanced for some particular frequencies and inhibited fo

ing the discontinuity in the normal component®there; for fE(r)= afE)hfl)(njkr)+,8§E)h|(2)(njkr), (5.1)
the TE MDR’s, conversely, the transition rate remains con-
tinuous. fMr)=a™nP(njkr) + MhP(nkr), (5.2

For such a system to have marked enhancement in the
visible range of the emission spectrum at the MDR frequenwheren; is the refractive index of the layer. For an interface
cies, its radius should be of the order of several micrometerseparating two layers say, layer 1 and layer 2at;, we
because our results show that the resonance effect is tatefine the transfer matrices

T<E>_inzx§< WEPThP(nxa) h{P(nax)] WEPTh{P(nyx,), b (npx)] ) 53
22 | =WEThM(ngxy), hM(nox) T —WEThP(ngx,),hM(noxp)]) '
T(M)_in%( WEDTP(naxy) hP(noxa)] WED[h{2(nixe), hZ(npxy) ] ) 54
22 L =WETh(nyxy), b (nox)] = WEPThP(nyxg),h{P(nxy)])” '

whereW(® andW™) are defined as in Eq$2.26 and(2.27). By matching the boundary conditionsrat a, as sketched in
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Sec. I, and adopting the definitions of the transfer matrices, the incoming and outgoing wave amplitudes in the two layers can
be concisely related as follows:
( (%)) (1k)
TW( ) . (5.5
A 21| A
By B

To illustrate our method, we specifically consider a dielectric sphere with a central core and an outer layer with different
dielectric constants. The central core has a refractive imgeand a radiug, and the outer layer, with thickneas—a;, has
a refractive indexn,. In other wordsas, is the radius of the whole sphere, which is embedded in an infinite dielectric medium
with a refractive indexs.

Direct application of the tranfer matrix theory at the interfacea, yields

BN =T3 B (5.6)
where
T<E>_in3x§< WEPTh{P(nox,) h{P(ngxo)] w<E>[h<2><n2x2> h‘2’<n3x2>]) 5
22 | =WEThM(nxo) h{P(naxy) ] —=WEThP(nyxo),h(P(ngx,) ] '
) in%xi( WEPThD(n,%0) hP(n3xo)] WEPTh{Z(nax,), h<2’<n3x2>]) -
T/ =—— 5.8
22 | —WEThY(nyx0) hP(nax) 1 —WEDTh(D(ny%,), h{M(nsxs) ]
andx,=kay.
Together with Eq(5.5), we have
(N) (N\)
ay aj
( (A)):T(s)i)Tg‘l)(B(x))- (5.9
3 1

Thus, by inverting the matrices, all unknown amplitudes can be expressed in teafd ahd8$") , whose amplitudes can be
determined from the normalization conditi¢2.39), requiring

27N5c2k2
(B)2_| pE)2_2" 8% *
|a3 | |/33 | R ) (5.10
2nick?
|| B =—— (5.19

The phase difference can be evaluated from the regularity condition at the origin, which regdire®{™ =2, There-

fore, leaving alone an unimportant common phase factor, all coefficients can be solved from the above two matrix equations.
This transfer matrix method could be used to handle spheres consisting of arbitrary numbers of layers. Another example we

will consider in this paper is a dielectric sphere with a central core with refractive imgdard radius,, and two outer layers

with refractive indicesn, andng and thicknessea,—a; andas;—a,, respectively. The sphere is embedded in an extended

dielectric medium with a refractive inday. Following similar steps as sketched above, we show that the wave amplitudes in

each layer can be expressed in terms of those in the extended dielectric medium{M.@nd 85" . For example, the

following equation relates the wave amplitudes in the core$d and 8%V :

N o
(ﬁ(x)) THTHTH (B(lx)), (5.12

where

T(E)_Imx%( WEFTh{(nsxg) i (nxs)] w<E>[h<2><n3x3> h{?(nxs)] ) 512

© 2 1 =-WEThP(naxg), h(P(ngxe)]  —WESTh{P(ngxs), h{H(nuxs) ] '
(M) _ mzx§< Wi TP (nexa), P (naxg)]  WE[H{2(ngxs), h2(nexy)] ) 514

T —_— 5.1
B2 | - WETh Y (ngxs), hP(naxa)T —WEPThP(ngxg), h{D(n,xs)]
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000 020 040 060 00 01 02 03 04 FIG. 5. Normalized emission rate of a dipole inside a gas bubble
r(pm) r(pm) with compressional waves, which has a dense core wjth1.16

. . and radiusa; =0.3a, (a, is the radius of the whole bubbleand an
FIG. 4. Snapshots of the spatial profiles of presstend tem- , ;ior |ayer withn,=1 . The ambient medium is water. The solid
peratureT for an air bubble driven with a sound amplitudeR{ 54 qashed lines represent the normalized emission rate in the core
=1.35 atm.(a) Results with the van der Waals gas equation of ;; ro=0.2%, and in the outer layer at,=0.7a,, respectively. In

state(VEOS) are shown aﬂ'lzls ps,TZ:_ 20.1 I0~'*‘~_T_3:21 ps, both cases, no significant enhancement is observed.
T,=22.1 ps, andT;=24 ps, taking the time at minimun bubble

radius as zerob) Same aga), but with nitrogen gas equation of
state (NEOS and t;=—26.6 ps,t,=—23.9 ps,t;=—23.5 ps,
t,=—20.4 ps, ands;=—18.4 ps. The shock front moves inward
towardr=0 att; andt,, and outward at, andts.

region by the Clausius-Mossotti equation and, for simplicity,
assume the dielectric constant outside the dense region to be
1. The Clausius-Mossotti equation red8s)|

and xz=kas. Likewise, the normalization condition yields 7 :i 2 (6.1)
the results Mol AN | e+2)
(E)12_1 a(E) 2_277n402k2 where o is the molecular polarizability, and the number
laa”*=184"| TR (5.19 of molecules per unit volume. Consider a SLB of argon gas.
For argon at 0°C and 1 atm, the refractive index at the
2mn3c?k? sodium D line wavelength (5893 A) is 42.837x 10 “.

laf)2=|gW|2= (5.16  Assuming that the mass density of the dense region of argon

to be 1 g cm?, we find that the refractive index there is

and the EM fields are in turn completely determined. In wha@bout 1.16.
follows we apply our formulation developed so far to ana- From Fig. 4, we observe that at some stages of SL, com-
lyze the phenomenon of spontaneous decay in a SLB basdessional waves may develop inside the bubble. Here we

on multilayered SLB models motivated by numerical hydro-consider a simplified model in which a SLB consists of a
dynamic simulations. central core witha,/a,=0.3 and a refractive index;

=1.16, and an outer layer with thickness &, &nd a refrac-
tive index 1. The normalized emission rate is plotted as a
function of frequency in Fig. 5, from which we conclude that
The extraordinary environments inside a SLB obviouslyfor such a bubble, the enhancement is only of order unity
rule out any models based on homogeneous dielectricegardless of the location of the dipole. Note the absence of
spheres, let alone their inability to provide significant en-the sharp peaks corresponding to total internal reflection,
hancements in the EM fields. Some numerical hydrodynamigvhich suggests that this effect is negligible because the ratio
models show the existence of compressional waves in varif the refractive indices across the boundary, being 1.16, is
ous stages of the evolution of the SLB, and even shockot large enough to produce significant MDR’s. In this
waves, especially when the bubble approaches its minimumodel, the gas inside the outer layer is assumed to be under
radius. In other words, it would be much more realistic toordinary pressure and temperature, which is of course not the
model a SLB as a multilayered dielectric sphere, instead of aase in a real SLB. Numerical results in Fig. 4 show that the
uniform bubble as discussed in Sec. IV. temperature and pressure in the outer layer are in fact very
From the results of numerical simulations performed byhigh, of the order 16 K and 1¢ atm. However, taking this
Cheng and co-workerfd 2,13, shown in Fig. 4, the density into consideration, the refractive index estimated will be
of the argon gas could reach the order of 1 g~énti.e., larger than 1, and an even smaller enhancement is expected.
about the same as the density of waterside the dense Our conclusion is therefore that the changes in the refrac-
region, while the gas outside could be much lower than thigive indices due to compressional waves do not give rise to
value. We will estimate the dielectric constant in the densestrong enhancement of the spontaneous decay rate inside a

R l

VI. MULTILAYERED SLB MODELS
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FIG. 6. Same as in Fig. 5; however, the valuaefis artifically
increased to 1.5. The dipole is located gt 0.2%, and 0.&,. The . . .
MDR peaks appear again due to the larger discontinuity in theo'6 0 10 20 30 40
refractive index at the boundary. However, after spectral averaging ka
the enhancement is again reduced to the order of 1.

3

. L . . i FIG. 7. Normalized emission rate of a dipole inside a gas bubble
SLB. This conclusion is robust against errors in the estimagit, shock waves, which has a small central core, a thin interme-

tion of the refractive indices, since even if we artificially giate layer, and a thick outer shell, and is surrounded by water. The
boostn; up to 1.5, so that the reflection at the boundary ofradius of the whole bubble iss, the radius of the core ig,
the core and layer is strong enough to produce MDR'’s, as-0.1a, and the thickness of the thin shell &, —a;=0.02a;,
shown in Fig. 6, the enhancement is insignificant when weyherea,=0.12a; is the outer radius of the intermediate shell. The
average over the frequency. Numerical simulations of hydrosolid line shows the normalized emission rate of a dipole in the
dynamics also suggest that during the collapsing phase of @ntral core at,=0.05;. The dashed line represents that of dipole
SLB, a thin but dense shock fronts can emerge under certain the intermediately layer at,=0.11a3, and the circled line shows
circumstance$§10—-14,38. Our shock wave model is similar the corresponding value in the outer layem gt 0.5a;. In all the
to the compressional wave model, except that there is nowituations, no enhancement is observed.
one more layer outside the core. The radii and refractive
indices of the core and the layers aeandn; , respectively, usually ignored under ordinary conditions. However, when
wherei=1, 2, and 3 starting from the core to the outertaken into account, as needed for the extraordinary condi-
layers, and the ambient medium is water, with refractive intions inside a SLB, we will show that this effect is by no
dex n,=1.33. Once again, the refractive indices inside andmeans negligible, especially inside the shock front.
outside the shock front are set to be 1.16 and 1, respectively. The dielectric constant in the plasma shell is giveri 35}
We have used the parameters/a;=0.1 anda,/a;=0.12
in our calculation to mimic the situation shown in Figb
In other words, the thickness of the shock front is @02

The spectrum of the normalized transition rates inside
various layers of our shock SLB are shown in Fig. 7, whichwherew,, is the plasma frequency defined by
is similar to that of the compressional wave model and does

w2
e(w)=¢€p— P (7.1

_!
w2

not show any enhancement feature. Again, minor adjust- 2_477Neez 79
ments in the refractive indices do not affect the enhancement Wp= Mme (7.2)
significantly.

In summary, the multilayered SLB configurations we Here e;=1.16, andN, is the number density of free elec-
have studied, which are motivated by numerical hydrodytrons in the plasma, which can be estimated by the Saha
namic results, only give a mild enhancement of the EM fieldsequationg 28,39
inside the bubble. However, so far we have ignored the ef-

fects of ionization on the refractive indices. When that is Ni 27mgk 32 32 1KT
included, a strong effect is observed, as we shall discuss in N_Ar: h2 T ' (7.3
Sec. VII.

whereNy,, I, and T are the number density of argon, the
ionization energy of argon atoms, and the temperature of the
shock front, respectively. Regarding the consistency with nu-
Under the high temperature and pressure inside a SLB, serical and experimental results obtained sd 1#-13,3§,
fraction of the moleculesatoms may be ionized and a thin we have assumed that the SLB consists of pure argon, with
plasma shell could be forméd1,14,15. Other than the den- the same mass density as that of water and temperature 5
sity of dipoles, the degree of ionization of atofmsolecule3 X 10* K inside the shock. It is also assumed that higher
is another factor that affects the refractive index. For mostonizations of argon are negligible; hendes 15.755 eV,
substances, especially stable elements such as argon, thisthe first ionization energy of argopd0]. Our calculation

VII. PLASMA SHELL MODEL
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FIG. 8. Normalized emission rate of a dipole inside a gas bubble F!C: 10. Normalized emission rate of a dipole inside the plasma
where a plasma shell has been developed. The refractive index G€ll developed in a gas bubble. The thickness of the shell is
the plasma shell is taken to be 0.01, and its radius ia0Bxcept ~ 0-02s, While its inner radius is 0ds (dash-dotted ling 0.3
for the plasma shell, the model is exactly the same as that shown {$°1id 1in®), and 0.9 (dashed ling whereas is the radius of the
Fig. 7. The normalized emission rate for a dipole inside the core ap_ubble. It can be observed that the emission rate increases with the
ro=0.05, and in the outer layer at,=0.5a; are shown, respec- distance of the shell from the center.
tively, by the dashed and solid lines, with neither of them showing . . .
significant enhancement. the. frequency e}nd hence gives rise to a.unn‘orm background

which can survive the frequency averaging.
gives a~30% ionization, which shows that the plasma is not _ A further investigation shows that the transition rate in-
weakly ionized. From Eq(7.2), it is found that the plasma side the She". may o_lepend on se_veral parameters in addition
frequencies fall inside the optical frequency range for typicaltoh ﬂl]le reére;tctn(/jg {nd|ce:>}. Thetshe mclutde thf th||ck'r:1.esslgf the
values of density and temperature in a SLB, which impliesS €ll and 1ts distance from the center, elc. In g. 19 we
that the refractive index could be very small in the shock-compare the spectra ‘T"t the cgntgr of plasma'shel!s with the
front. Hereafter. the value of the refractive index of this S&Me thickness, but situated in different locations in a SLB.
plasma shell Wi|| be set to be 0.01 for simplicity unIessWe c_onclude that there is stronger enhancer_nent when the
otherwise specified ’ shell is farther from the center. Because the size of the SLB

In Fig. 8 we show the normalized transition rate versug> c_omparable to opt|ca! wavelgngths, this reprgsents the co-
frequency for a dipole inside the core and the outermosE'C'dence of the shell with the first peak of the field near the
layer, and there is no enhancement in these regions. co oundary. - — .
versely, an enhancement 6f20—30 in the optical range is We also observe that the transition rate inside the shell is
observéd inside the shell, as shown in Fig. 9. We conjectur ery sensitive to the thickness of the s_hell. F_|gure 1.1 shows
that the enhanced radiati,on by the atoms inside the pIasrT] e spectra at the centers of shells with various thicknesses
shell is the origin of SL. This enhancement is due to thetocatedfa;';]a d'StatnC? |% from the bul;)bl_fz cekr;t(-:réhThe pat-l_
contribution of the longitudinal part of the fields, which is e(rjns ot the speﬁc.ra‘\j tl)nes ?retve5ry s;]m| atrr,1 u h "e'trhf’"rl?p g
discontinuous across the gas-plasma boundary, with a jum es are ”;]a?n'('je y a factoro when the shell thick-
of 10* if n,=0.01. Contrary to MDR, which is a resonance "¢SS€S @€ haived.
effect, this enlargement of the electric field is independent of

500
40
400 -
30 . 30 | A
200r ¥4
20 ¢ LV A
100 _\.,.\ - “\/l \‘\ L
\ /'\ , NN
10 | ] NS \‘\_,,.\/\ . Ny
0 \'\/\,I\,\’\_ﬁ-—\ _________________
0 10 20 30 40
0 , , , ka,
0 10 20 30 40
ka, FIG. 11. Normalized emission rate of a dipole inside the plasma

shell developed in a gas bubble. The distance of the shell from the
FIG. 9. Same as in Fig. 8; however, the normalized emissiorcenter is 0.4, while its thickness is 0.G& (solid ling), 0.01a,
rate for a dipole inside the plasma shell is shown. Inside the plasm@lash-dotted ling and 0.008; (dashed ling whereas is the radius
shell, significant enhancement is observed, contrary to the situatioraf the SLB. It is observed that the emission rate increases drasti-
depicted in Fig. 8. cally with thinner shells.
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Vill. SUMMARY a final state effect. That is, it affects radiative rates via the

hoton phase space factor. In addition to enhancing the spon-

as a multilayered dielectric sphere with a plasma shell. Ou aneous emission rate, it could ir]ﬂuence other radiative pro-
: £sses as well. For example, in a recently proposed SL

g;%ciil \:\?a\ljgzeigs? dnetgessl_téor:/%ee\snr?gvcggst;;ttcvehi;zxﬁ(tﬁggee%wodel that considered how the blackbody radiation spectrum
‘ 9€could be modified by the photon-absorption proce$28%

neous sphg(es and layered spheres_wnh comp_resslonal V\,'a §6th the emission and absorption mechanisms proved likely
give insignificant enhancement to light emission in SLB's,

X o be affected by the formation of a plasma shell in a SLB. In
an enhancement factor in the spontaneous emission rate g%

order 100 can be achieved for atoms located inside a narrow dition, other de-excitation processes, such as radiative re-
lasma laver where the dielectric constant is small. We Con(_:ombination, radiative electronic transitions, radiative rota-
b Y ' tional or vibrational transitions, bremsstrahlung, or even

jecture that this represents approximately the configuration N Jlision-induced emission. which have been invoked to in-

a SLB when it is compressed to its minimum radius, Characferpret the phenomenon of §29), are also dependent on the

terized by the presence of plasma within a thin shell sur, hase space structure of the emitted photons. The major goal

rounding the core of the bubble. With this enhancement, th ; : . .
atoms inside the shell radiate with a shorter lifetime com-gf our paper is primarily to show that the extreme physical

pared to that in vacuum, and this effect may explain th conditions achievable in a SLB, namely, high density, high

narrowness of SL pulsei21]. The spatially averaged en- e’temperature, ionization, and finite size could indeed affect
P - e sp y 9 .various light emission processes. At the first stage of an ex-
hancement depends on the location of the shell, as well as |h<,

thickness. Generally speaking, the enhacement increas austive investigation, in the present paper we studied their

with the distance from the shell to the core, and decreas ﬁﬁluences on the process of spontaneous emission, and

e .
with its thickness. We also estimate the degree of ionizatior?srlOWed that an enhancement factor of about 10100 in the

. ) : -~ spontaneous decay rate is achievable in the presence of a thin
required to give th.'s enhancement and the correspondmglasma shell. To compute the emission spectrum of a SLB
temperature, by using t.he.Sa.ha equa?ﬁﬁﬁ,39]'. We fmd one has to consider all these factors, incorporating numerical
that a strong degree of ionization30% is required, which

is possible in a SLB at temperat %10 K. This value fluid dynamics, plasma formation and radiation processes.

is inside the tvpical f ical and . t We are currently working along this direction, and relevant
is inside the typical range of numerical and experimen at'esults will be reported in due course.

data obtained so far.
It is worth noticing that at higher temperatures, and there-
fore stronger iqnizatio_ns, the refractive ind(_ex in the shell will ACKNOWLEDGMENTS
become negative, which means the shell is strongly absorp-
tive and dispersive. This interesting topic, namely, quantum This research was partially supported by RGC Earmarked
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To summarize, in this paper we proposed a model of SL
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